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T HERE is evidence from both animals and man both for and against a
role for dietary sodium in the genesis, treatment and prevention of

hypertension.1

EVIDENCE FROM ANIMALS

In animals, excessive dietary sodium can increase arterial blood pressure,
particularly when renal excretory function is impaired. For example, a
proportion of normal rats slowly become hypertensive when fed a high salt
diet. The rat can be made more sensitive to the salt by first surgically reduc-
ing renal mass; blood pressure now rises more regularly, more rapidly and
to higher levels. The reverse is also the case. Impairment of ability to ex-
crete sodium (by reducing renal mass, removing one kidney and wrapping
the other, removing one kidney and constricting the renal artery to the other,
or administering mineralocorticoids) can increase arterial blood pressure, par-
ticularly when sodium intake is increased. For example, in rats, 70% sur-
gical reduction in renal mass produces hypertension on a normal salt diet
and increasing dietary salt intake intensifies the hypertension. Recent studies
suggest that these low renin models of hypertension have an agent in plasma,
perhaps derived from the hypothalamus, that inhibits sodium-potassium pump
activity in their arteries and hearts.2

Inbred strains of rats have been developed which regularly and rapidly be-
come severely hypertensive when fed high salt diets, without the need for
deliberate renal damage. When the kidneys of these salt-sensitive rats are
transplanted to others resistant to salt and naturally normotensive, arterial
blood pressure rises. The reverse procedure results in normal pressures in
rats otherwise destined to become hypertensive when given a high salt diet.
The potential for salt-induced hypertension in these genetically salt sensi-
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tive rats seems therefore to reside in part in the kidney. Other studies sug-
gest that the genetic defect in the kidney is inability to excrete salt normally.
The potential for hypertension also seems to reside, in part, in the blood ves-
sels; genetic models of hypertension have vascular smooth muscle cells with
increased permeability to sodium. We speculate that the same abnormality
in the luminal aspect of renal tubular cells causing hyperreabsorption of so-
dium is basic to the renal defect. Humoral transmission of hypertension,
through parabiotic connection, from salt-sensitive to salt-resistant rats has
also been demonstrated.

EVIDENCE FROM MAN

In man, decreased capacity of the kidney to excrete sodium, due to loss
of renal tissue or to mineralocorticoid excess (endogenous or exogenous),
is often associated with hypertension. Sodium restriction ameliorates and so-
dium administration exacerbates the hypertension. A low salt diet is effec-
tive for the hypertension of renal failure. There can be no doubt of the im-
portance of salt and water retention in the genesis of this type of hypertension.

Its role in essential hypertension is not so clear. Diuretics which promote
natriuresis lower arterial pressure in patients with essential hypertension, an
effect that has made them a mainstay of antihypertensive therapy. Certain
categories of patients respond better than others, suggesting that salt and wa-
ter are more important in some patients than in others. For example, hyper-
tensive patients with low plasma renin activity respond to diuretics with a
significantly greater effect than hypertensive patients with normal plasma re-
nin activity. A larger percentage of hypertensive black subjects respond to
diuretics than of hypertensive white subjects, perhaps because they are prone
to the low renin variety.
As in animals, recent studies suggest that patients with essential hyper-

tension, particularly of the low renin variety, have a circulating sodium pump
inhibitor and decreased sodium pump activity in their leukocytes. Patients
with heritable essential hypertension also have evidence for abnormal so-

dium transport, independent of the sodium pump, in their red blood cells,
i.e., reports suggest that their red cells are more permeable to sodium. The
consequences of superimposing the sodium pump inhibitor on this increased
permeability needs to be studied because it seems possible that such superim-
position occurs when a patient with heritable essential hypertension ingests
excessive salt. In particular, would superimposition of the inhibitor on in-
creased permeability cause a further increase in intracellular sodium con-

centration and contractile activity in vascular smooth muscle?
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Severe reduction in the salt intake (less than 1 g/day) sometimes ameliorates
essential hypertension whereas increase in salt intake often aggravates it.
About half of patients with essential hypertension respond to a 0.2 g/day so-
dium chloride diet with a 20 mm Hg decrease in blood pressure. However,
whether salt restriction of lesser degrees reduces arterial pressure in patients
with essential hypertension remains controversial. It does seem to reduce
the amount of medication needed to keep blood pressure under control.

Epidemiologic surveys demonstrate more hypertension in acculturated so-
cieties which ingest much salt than in unacculturated societies which ingest
little salt. For example, certain areas in Finland and Japan where salt in-
take is very high have a higher incidence of hypertension than certain primi-
tive areas in the Solomon Islands where salt intake is very low, and where
blood pressure also does not rise with age. On the other hand, sodium in-
take, as judged by 24-hour urinary excretion, is not clearly related to ar-
terial pressure in adult communities, e.g., it is difficult to demonstrate a rela-
tionship between salt intake and blood pressure within the United States. This
might be expected if most of the individuals in the community had a high
salt intake, as is the case in the United States, and if the pathophysiologi-
cal problem was an inability to excrete it in only a minority of them.
Feeding large amounts of salt for short periods of time to normal human

volunteers has only small effects on blood pressure. Feeding moderate
amounts for long periods of time to normal human subjects has not been ade-
quately studied. Certain abnormal subjects are more sensitive to salt, for ex-
ample, diabetic children and certain patients with renal disease respond to
increased salt intake with a rather prompt rise in blood pressure.

NATURE OF THE RENAL DEFECT

Subtle abnormalities in the ability of the kidney to excrete salt, perhaps
genetic and age related, may determine individual susceptibility to a high
salt intake.1 Black subjects have a higher hypertensive morbidity and mor-
tality, and seem prone to the low renin variety. Normotensive black sub-
jects excrete a short-term intravenous sodium load over 24 hours less well
than normotensive white subjects. Blood pressure increases with age. Nor-
motensive subjects older than 40 years of age excrete a short-term intravenous
sodium load slowly when compared with normotensive subjects younger than
40 years. Normotensive relatives of hypertensive subjects, especially the
aged, also have a blunted natriuretic response.
This blunted response could result from renal functional or organic
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changes.1 For example, renal kallikrein, an enzyme that catalyzes the for-
mation of kallidin, a natriuretic, diuretic and vasodilatory peptide, is found
by some investigators excreted in lesser amounts by normotensive black sub-
jects than by normotensive white subjects. Decreased generation of kallidin
for a given state of sodium balance might contribute to the blunted natri-
uretic response to sodium among normotensive black subjects. Nephroscle-
rosis increases and glomerular filtration rate decreases with age in normoten-
sive subjects. This, too, might contribute to the blunted natriuretic response.
Regardless of the cause, blunted natriuresis for a given sodium load should
result in increased sodium and water retention, and hence increased blood
pressure in black and aged subjects relative to white and young subjects. Nor-
motensive black subjects do, in fact, respond to a very large short-term in-
crease in dietary salt intake with a greater blood pressure increase than nor-
motensive white subjects. Furthermore, following the intravenous infusion
of 2 liters of normal saline solution, blood pressure levels are significantly
higher and plasma renin activity significantly lower in black subjects than
white subjects. The higher prevalance of hypertension in the black popula-
tion does not seem related to a greater dietary intake of sodium chloride,
and several groups report an intake of sodium similar in black as compared
to white subjects.
Other possibilities should also be considered. For example, a role for dopa-

mine in the regulation of renal excretion of sodium is suggested by obser-
vations that dopamine has a natriuretic effect, its renal excretion parallels
that of sodium, it has a tubular action and a dopamine antagonist attenu-
ates the diuresis and natriuresis seen during infusion of Ringer's solution.3
Thus, dopamine may be involved in the intrarenal regulation of sodium ex-
cretion, possibly acting as a local endogenous natriuretic factor. We need
to determine whether this is in fact the case and, if so, whether this local
mechanism is abnormal in those subjects prone to hypertension.
The influence of behavior should also be considered. It has been shown

that the combination of avoidance conditioning and saline infusion can pro-
duce hypertension in dogs, whereas either one alone is without effect on

blood pressure.4 The combination can also reduce sodium excretion and
urine flow.5 These responses seem to result from increased sympathetic ner-

vous system activity that reduces renal blood flow and glomerular filtration
rate and increases tubular reabsorption of sodium and water5 and renin
secretion.6 Similar responses have been observed in humans. Competitive
mental tasks significantly reduce the urinary sodium and fluid excretion in
young men with one or two hypertensive parents or with borderline hyper-
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tension.7 Thus, the blunted natriuresis in some cases may be mediated by
psychological stress.
Evidence suggests that the Okamoto strain of spontaneously hypertensive

rats, in addition to having abnormally permeable vascular smooth muscle
cells with respect to sodium, also have kidneys which reabsorb sodium at
an increased rate.8'9 The cause of the latter is unknown, but could be in-
creased permeability of the luminal membrane to sodium. Certain findings
suggest that increased tubular reabsorption of sodium also occurs in the Milan
strain of spontaneously hypertensive rats'0 and in hypertensive humans."
Once essential hypertension is established, renal function is clearly abnor-

mal (increased renal vascular resistance, decreased renal blood flow in many
patients, increased filtration fraction, reduced urinary output at a given ar-
terial pressure, exaggerated natriuresis, particularly in patients with low renin
hypertension). 12 The abnormalities are no longer subtle, and it is easier to
understand increased susceptibility to a high salt intake. This is underscored
by the observation that, as in genetically hypertensive rats, essential hyper-
tension in humans can be corrected by transplantation of a kidney from a
normotensive donor which normalizes responses to salt deprivation and salt
loading. 13

POTASSIUM

Certain studies suggest that potassium may somehow be involved in the
response to sodium. ' For example, excess dietary sodium increases potas-
sium excretion in normal man, and dietary potassium supplementation at-
tenuates the blood pressure increase observed in these subjects receiving in-
creased dietary sodium. The same is the case in diabetic children. Other
studies suggest that potassium also lowers pressure in established hyperten-
sion, though this is controversial.'4 In theory, potassium administration
should help rid the cells of sodium.The Na+,K+-ATPase and hence the
Na'-K' pump of vascular smooth muscle cells is sensitive to the extracel-
lular concentration of potassium; an increase in extracellular potassium con-
centration stiumulates Na+,K+-ATPase and the pump.'5 Such stimulation
causes vasodilation by hyperpolarizing the cell. Potassium can work in other
ways.' Natriuresis can occur when potassium is administered, i.e., potas-
sium may be antihypertensive in part by virtue of diuresis. Potassium may
also cause vasodilation by stimulating Na+,K+-ATPase in the adrenergic
nerve terminals and increasing the uptake of norepinephrine, thereby leav-
ing less in the neuromuscular cleft. Potassium may also limit the increase
in renin concentration caused by sodium restriction.
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PREVENTION

Should the general public change its eating habits by reducing sodium in-
take? A number of investigators have advocated reduction in dietary intake
of sodium chloride to prevent hypertension, and their view has received sup-
port from the Select Committee on GRAS Substances.16 However, an
equally large group of investigators do not support this view, and feel that
such a recommendation for the general public is premature based on the
available data. If we had some simple method to detect salt-sensitive in-
dividuals, we could concentrate on that group.
The daily requirement of man for sodium chloride is less than one gram,

less than naturally occurs in most diets.1 In the United States, the aver-
age adult daily intake is 10 to 12 grams, and much of this comes from
processed foods. Adequate labeling of the sodium chloride content of foods
clearly benefits those subjects known to be sensitive to salt, patients with
renal disease, for example.

MECHANISMS

The link between salt intake and hypertension has received much atten-
tion, particularly during the last 10 years.1 17-25 More than 30 years ago To-
bian reported that the arteries of hypertensive subjects contain more sodium
and water than the arteries of normotensive subjects. This was followed by
debates as to the site of the extra sodium and water within the artery wall.
Evidence was presented supporting both extracellular and intracellular depo-
sition. There then followed a period during which attempts were made to
determine the cause of presumed increased intracellular sodium. Increased
permeability of vascular smooth muscle cells membrane to sodium and
decreased activity of the sodium potassium pump in the sarcolemma of vas-
cular smooth cells were considered, the latter resulting from a humoral
sodium-potassium pump inhibitor (natriuretic hormone). It was suggested
that the increased intracellular sodium caused increased intracellular calcium
(by depolarizing the cell membrane or through a sodium-calcium exchange
mechanism) and hence increased contractile activity and blood pressure.
At the present time, much activity is directed toward the role of natriuretic

factors in linking salt intake to blood pressure.23-25 We suggest that certain
individuals have a genetic or acquired defect in the ability of the kidney to

excrete salt. They encounter little difficulty while consuming small amounts

of salt, but an increased salt intake results in sodium retention and hence
increased blood volume. This is sensed by receptors in the lung which cause
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the release of a small, heat and acid stable, nonpeptidic molecule (structure
not yet determined) from the hypothalamus which has ouabain-like activ-
ity, i.e., it inhibits Na+,K+ATPase in the cardiovascular and renal systems
and hence causes increased contractility in arteries, veins and heart, and natri-
uresis and diuresis. The latter is suboptimal because of the primary genetic
or acquired renal defect. The effect of Na+,K+-ATPase inhibition on in-
tracellular sodium concentration in the muscle of the cardiovascular system
is more pronounced in those subjects who also have a genetic or acquired
(e.g., mineralocorticoid) increase in cell membrane permeability to sodium.
More recently, another natriuretic factor has appeared upon the scene and

is receiving even more attention.26-29 This is the atrial natriuretic factor
(ANF), packaged in specific granules within the cytoplasm of atrial myo-
cytes. This factor, a peptide of known structure, produces prompt, massive,
short-lived natriuresis and diuresis following intravenous injection. It may
have a role in water and electrolyte homeostasis, being liberated from atrial
myocytes by stretch when blood volume increases. Spontaneously hyperten-
sive rats of the Okamoto strain have less extractable ANF in their atria,
whereas Dahl salt-sensitive and reduced renal mass-saline hypertensive rats
have more extractable ANF in their atria. Furthermore, the kidneys of Dahl
salt-sensitive rats are less responsive to exogenous ANF. Thus, one might
suggest that too little circulating ANF (due either to defective production
or defective release) or kidneys which are relatively insensitive to it would
promote hypertension through the mechanism described above. We shall need
to assay blood levels of ANF to evaluate this suggestion. Raidoimmunoas-
says for ANF have been developed and should soon supply these data.

SUMMARY

In this review we have summarized the evidence from animals and man
for and against a role for dietary sodium in the genesis, treatment and preven-
tion of hypertension. The evidence for a role in the genesis is strongest in
those subjects with impaired excretory function. We then considered the na-
ture of the renal defect which seems to make some individuals more sus-
ceptible to sodium intake. We next considered whether potassium intake can
influence the relationship between sodium intake and blood pressure. Finally,
we speculated upon the biochemical and biophysical links between sodium
intake and hypertension, pointing out that the hypothalamic and atrial natri-
uretic factors are receiving much attention at the present time.
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